Introduction
Myelodysplastic syndromes are defined as a group of myeloid neoplasms characterized by morphological dysplasia in one or more of the hematopoietic cell lineages. Increased proliferation of hematopoietic precursor cells in the bone marrow is counterbalanced by increased intramedullary apoptosis. This phenomenon is considered to underlie ineffective hematopoiesis which results in refractory peripheral cytopenia. 1 MDS patients have a variable risk of transformation to acute myeloid leukemia (AML), which can be estimated by the international prognostic scoring system (IPSS). 2 Patients are classified as low-risk, intermediate-1 (int-1) risk, intermediate-2 (int-2) risk or high-risk MDS patients, with a probability to progress to AML within five years of respectively 14%, 28%, 66%, and 100%. Intensive chemotherapy (with or without stem cell transplantation) is mostly offered for int-2 risk, highrisk, and young patients. For low-and for int-1 risk patients and patients not fit for intensive chemotherapy, the main treatment goal is to minimize or prevent transfusion dependency and usually therapy with growth factors like erythropoietin and G-CSF is initiated.
Apart from these two therapeutic options, there could be a role for immunotherapy, other than allogeneic stem cell transplantation. As a consequence of the high apoptotic load of the dysplastic and normal hematopoietic precursor cells, tumor-antigens and auto-antigens might be presented to the immune system and evoke an adaptive immune response. Consequently, activated T cells and clonal T-cell expansions are found in the majority of MDS patients. [3] [4] [5] [6] [7] However, the exact functional significance of these T cells remains unclear. 8 On the one hand, the immune response could be directed to the dysplastic pre-malignant precursor cells and represent immune-surveillance. Evidence for this theory was provided by Sloand et al. who showed in vitro that blasts with trisomy 8 are specifically targeted by autologous T cells in a 14 day culture. 9 On the other hand, as a consequence of breaking peripheral tolerance, undesired autoimmune reactivity against normal hematopoietic precursor cells could prevail. This phenomenon (bystander killing) may well explain why patients with trisomy 8 generally respond well to immune suppression. Further evidence for adaptive immune-surveillance has been provided by the observation that leukemia patients with an MDS history have been successfully vaccinated with WT1 peptide based vaccines resulting in an anti-tumor immune response. 10 T cells as part of the adaptive immune system have been thought to play the dominant role in immune-surveillance of MDS patients. Innate immune responses against tumor cells have been reported to play a role in immune-surveillance in AML, as was demonstrated by a correlation between decreased NK cell activity and poor prognosis. 11, 12 In MDS, two groups have demonstrated normal frequencies of NK cells. Although different expression levels of NK activating receptors were reported, both groups reported reduced NK function. 13, 14 These data point to a primary role for the adaptive immune system in the pathogenesis of MDS, but many questions remain. Only 30% of patients respond to classical immune-suppressive therapy. 15, 16 Understanding the role of the immune system is crucial to identify patients that will benefit from immune-suppressing therapies, 16, 17 as well as to correctly monitor patients that will be treated with immune-modulatory agents which are rapidly introduced in the treatment of MDS patients now.
In this study, we investigated the role of the immune system in the pathogenesis of low-and intermediaterisk MDS patients. We have analyzed lymphocyte subsets, lymphocyte activation markers, and NK cells in 40 MDS patients and compared them to healthy donors. We have found an activated state of lymphocytes as illustrated by increased percentages of effector T cells, increased granzyme B and perforin expression, more skewing of the TCR-Vβ repertoire and decreased frequencies of regulatory T cells when compared to healthy donors. Moreover, we demonstrated direct autologous cytotoxicity of effector cells against aberrant hematopoietic precursor cells in vitro. These effector reactions were not MHC class I restricted, but NK cell dependent, which points to a role for the innate immune responses beside the already presumed adaptive immune responses in immune-surveillance of MDS.
Design and Methods

Peripheral blood and bone marrow samples
After obtaining informed consent, peripheral blood samples were drawn from 40 newly diagnosed MDS patients and 10 healthy donors. Flow cytometric analysis of peripheral blood lymphocytes was performed after NH4Cl lysis of erythrocytes. Peripheral blood mononuclear cell fractions (collected through density gradient centrifugation, Ficoll-Paque TMPLUS, Amersham Biosciences) were cryopreserved and used for detection of granzyme B, perforin, FOXP3, and for cytotoxicity assays.
Bone marrow samples were drawn from 8 MDS patients and from 2 healthy donors. Bone marrow mononuclear cell fractions (collected through density gradient centrifugation) were cryopreserved and used for cytotoxicity assays.
Diagnosis, bone marrow morphology by cytology and karyotyping in myelodysplastic syndrome
Diagnosis of MDS was made according to recently proposed criteria. 18 Bone marrow aspirates of patients were examined in accordance with World Health Organization (WHO) 19 criteria by two independent hematologists (AvdL, GJO), both experienced in MDS diagnosis and classified as refractory anemia (RA); RA with ringed sideroblasts (RARS); refractory cytopenia with multilineage dysplasia (RCMD); RCMD with ringed sideroblasts (RCMD-RS); RA with excess blasts (RAEB-1 or RAEB-2); and MDS unclassified (MDS-U). Conventional karyotyping and recording was assessed according to ISCN guidelines. 20 By consensus, at least 20-25 bone marrow metaphases were examined. In cer-tain cases, in which a clear-cut demonstration of clonal aberrations was noted, 10 metaphases were considered to be sufficient. Whenever no metaphases could be analyzed, additional fluorescence in situ hybridization (FISH) was performed according to recently published recommendations. 18 Such FISH investigations included 5q31, CEP7, 7q31, CEP8, 20q, CEPY. FISH for p53 was not performed. Good cytogenetic risk profile was defined as normal karyotype, -Y, del(5q), or del(20q). Poor cytogenetic risk profile was defined as abn (7) 
Antibodies and flow-cytometry analysis
All directly labeled antibodies (Abs) were purchased from Beckton Dickinson (BD, New Jersey, USA) unless otherwise specified. The following monoclonal Abs were used:
Fluorescein isothiocyanate (FITC) labeled granzyme B (clone GB11), CD3 (SK7), CD34 (8G12), CD45RA (4KB5, Dako Cytomation, Glostrup, Denmark), CD45RO (KCHL-1, Dako Cytomation), anti-HLA-A2 (BB7, MBL, Woburn, USA), CD28 (CD28.1, Dako Cytomation), CD57 (HNK-1), CD4 (SK3), CD16 (DJ130C, Dako Cytomation).
Phycoerythrin (PE) labeled perforin (δG9), FOXP3 (PCH101, eBioscience, San Diego, USA), CD27 (L128), CD58 (L306.4), CD56 (My31), CD16 (3G8, Beckman Coulter, Fullerton, USA), peridinin chlorophyll a protein (PercP) labeled CD4 (SK3), CD8 (SK1), CD45 (2D1).
Allophycocyanin (APC) labeled CD25 (2A3), CD34 (HPCA-2), CD3 (SK7). Alexa Fluor ® 647 conjugated granzyme B (BD). All isotype controls were purchased from Dako Cytomation.
Other tools for flow cytometric analysis were: Annexine V (VPS diagnostics, Hoeven, the Netherlands), 7-amino-actinomycin D (7AAD, ViaProbe, BD), TCR-Vβ Repertoire Kit (Beckman Coulter), SYTO16 (Molecular Probes, Eugene, OR, USA).
Mononuclear cell fractions were pre-incubated with 10% human gammaglobuline (6 mg/mL, Sanquin, Amsterdam, the Netherlands), followed by incubation with directly conjugated antibodies. For intracellular staining with granzyme B and perforin, cells were, after surface staining, fixed with PBS/1% paraformaldehyde and permeabilized with PBS/0.05% saponine. For intracellular staining of FOXP3, cells were treated with the fixation and permeabilization solutions according to the protocol of the manufacturer. All incubations were performed at room temperature for 15 minutes for extracellular and 30 minutes for intracellular staining. Cells were washed after every incubation step with PBS/0.1% human serum albumin/0.05% sodiumazide and analyzed on a FACS Calibur (BD). At least 25,000 viable cells on a forward scatter were acquired and data were analyzed using CellQuest software (BD). Blasts were defined as CD34 + /CD45 dim /SSC low . Mean fluorescence intensity index (MFI) was defined by correlating the mean fluorescence (MF) of the population of interest to the MF of isotype control using the formula: [MF (total population of interest) -MF (isotype control)]/ MF (isotype control).
Cell viability was measured by combined Annexine V and 7AAD staining. Absolute cell numbers were counted by using fluorescent beads (flow-count TM fluorospheres, Beckmann Coulter).
Flow cytometric cytotoxic assay
The ability of T cells to kill hematopoietic precursor cells was evaluated in a flow cytometric cytotoxicity assay, as previously described. 22 Peripheral CD8 + T cells (effector cells) and bone marrow derived CD34 + blasts (target cells) were selected by magnetic separation (positive selection with CD8 and CD34 microbeads respectively, Miltenyi Biotec, Bergisch Gladbach, Germany). During this procedure also CD8 dim cells were selected resulting in effector population consisting of CD3 +
CD8
+ T cells (79-94%) and CD3 -
dim NK cells (6-21%). In additional experiments, NK cells were reduced by magnetic separation with CD16 microbeads. Effector cells were cultured with 10 4 blasts at different effector to target cell ratios. After six hours of culture, effector cells and blasts were stained with a specific T-cell marker (CD3) and a specific blast marker (CD34) respectively. SYTO16/7AAD staining identified early apoptosis and secondary necrosis. Efflux of SYTO16 particularly in Pglycoprotein (Pgp)-expressing cells, e.g. myeloid leukemia cells, necessitated the addition of PSC833, a Pgp-pump inhibitor, to the assay mixture. MHC restriction of the cytotoxic response was analyzed by pre-incubation of the blasts with an MHC class I-blocking antibody (W6.32, 10 µg/mL for one hour, a kind gift of Dr. S.M. van Ham, Department of Immunopathology, Sanquin Research at CLB, Amsterdam, the Netherlands) and its appropriate isotype control (mouse IgG2a, 10 µg/mL, Sanquin). 
Statistical analysis
Results
Patients' characteristics
Patients' characteristics are shown in Table 1 . Distribution according to WHO classification is as follows: RA n=4, RARS n=9, RCMD n=8, RCMD-RS n=13, MDS-unclassified n=3, RAEB-1 n=3. Data about IPSS, cytogenetic risk profile, clinical behavior (non-transfusion dependent, transfusion dependent or progressive disease), and WPSS are provided. Median age of the MDS patients at the moment of diagnosis was 67 years (range 40-80 years). All healthy donors were aged over 40 (median age 55 years, range 40-74 years). To rule out any influence from other immune activating conditions, patients with active infections or active auto-immune diseases and patients who received a blood transfusion within three months before diagnosis were excluded. 
Increased percentages of effector and activated T cells and increased granzyme + cells in myelodysplastic syndrome
If immune-surveillance of dysplastic hematopoietic precursor cells occurs, this will be most prominent in the bone marrow. We compared bone marrow and peripheral blood samples of 3 patients. The total amount of CD3 + T cells in the bone marrow was lower than in peripheral blood (mean 20% vs. 46%). No significant differences in the peripheral blood and bone marrow derived lymphocyte subsets and activation markers that are described below could be detected. These data demonstrate that analysis of peripheral blood derived lymphocytes is justified.
As a result of antigen recognition, naïve T cells proliferate and differentiate into effector T cells and ultimately some of them become memory T cells. Naïve CD8 + T cells lose CD28 and CD27 expression and may acquire CD25, CD57, and CD58 expression when becoming effector cells. 23 Memory T cells acquire CD45RO instead of CD45RA. Effector T cells have higher levels of cytotoxic granules containing granzyme B and perforin. 24 Subsets of naïve, effector, central memory (CM), effector memory (EM) and specific primed (SP) CD4 + and CD8 + T cells were defined by CD45RA and CD45RO bright expression and described in more detail in Table 2 .
Although the total percentage of T lymphocytes in MDS patients in peripheral blood was higher, no difference was observed between healthy donors and MDS patients regarding the percentage of CD4 + and CD8 + T cells (Table 2) . When analyzing T cell subsets, MDS patients had significantly decreased percentages of naïve CD4 + and CD8 + T lymphocytes and an increased percentage of effector CD8 + T lymphocytes when compared to healthy donor samples (Figures 1 and 2 ).
T cells in MDS patients expressed more activation markers such as CD25 and CD58 (Table 2) . Moreover, significantly more granzyme B positive CD8 + T cells were found in MDS patients ( Figure 1C ). These T cells expressed higher levels of cytotoxic granules with granzyme B (measured by mean fluorescence intensity (MFI)) when compared to healthy donors ( Figure 2C-D Table 2 ).
In conclusion, when compared to healthy donors, MDS patients had increased percentages of effector and activated T cells and increased percentages of both granzyme positive T cells and NK cells.
Decreased frequencies of T-regulatory cells in myelodysplastic syndrome
We hypothesized that, if the activated immune status in MDS patients is functional, the regulatory T-cell activation should be lower than in healthy donors. We determined the percentage CD4 + /CD25 high /FOXP3 + T cells, and as only CD4 populations with high FOXP3 levels lack T-helper 1 cytokine production, 25 we also determined the MFI of FOXP3. Figure 1 and examples in Figure 2 ).
In conclusion, MDS patients have decreased frequencies of T-regulatory cells and decreased FOXP3 expression per cell when compared to healthy donors.
Increased T-cell activation status in myelodysplastic syndrome
In the MDS patient group, the level of granzyme B expression correlated significantly to the percentage of effector CD8 + T cells and inversely to the percentage of naïve CD8 + T cells (p<0.0005, correlation coefficient (r)=0.7 and p=0.001, r=-0.5, respectively). Moreover, the percentage of NK cells was inversely correlated to the percentage of naïve CD8 + T cells (p=0.001, r-0.60) and positively to the percentage of granzyme + CD8 + T cells (p=0.02, r=0.44).
The ratio of effector to naïve CD8 + T cells correlates significantly to the upregulation of other activation markers and adhesion molecules such as CD56, CD57, CD58, CD11c, and HLA-DR. Differences in immune activation status did not correlate significantly to WHO classification or other clinical parameters such as transfusion dependency.
To summarize, in MDS patients, the shift to more effector T cells is accompanied by significant upregulation of granzyme B, perforin expression, adhesion molecules, and activation markers on T cells and to the percentage NK cells. In conclusion, we observed a generally activated and more cytotoxic phenotype of the lymphocytes of MDS patients when compared to healthy donors.
Skewing of TCR-Vβ β repertoire in myelodysplastic syndrome
We analyzed the TCR-Vβ repertoire of CD4 + and CD8 + T cells by flow cytometry. Skewed expansions (defined as expression of a Vβ clone above mean +2SD (standard deviation) of normal value) were found in Figure 3A . In MDS patients, the number of CD4 + T cells with skewed TCR-Vβ expansions above mean ±2SD inversely correlated to the percentage of naive CD4 + (p<0.0005, r=-0.569) and naïve CD8 + T cells (p=0.001, r=-0.509) and positively correlated to an increased percentage of effec- In 5 patients we analyzed the granzyme B expression directly in the CD8 + TCR-Vβ skewed T cells. In 4 of these patients, the skewed TCR-Vβ expansion of CD8 + T lymphocytes expressed higher levels of granzyme B when compared to the remnant of unskewed T cells (representative example in Figure 3) , indicating that the CD8 + T cells with skewed TCR-Vβ expansions have more cytotoxic capacities when compared to CD8 + T cells with a normal TCR-Vβ repertoire.
In conclusion, CD8 + T cells with a skewed TCR-Vβ repertoire suggestive for clonal expansions (although not proven by CDR3 spectratyping), were predominantly found in the patients with increased levels of effector T cells, granzyme B, perforin, and activation marker expression. CD8 + T cells with a skewed TCR-Vβ repertoire expressed increased levels of granzyme B when compared to CD8 + T cells with a normal TCR-Vß repertoire.
Autologous cytotoxicity towards hematopoietic precursor cells in myelodysplastic syndrome
T cells of MDS patients have been shown to inhibit growth of hematopoietic precursor cells in culture. 9, 26 To further strengthen our hypothesis of immune-surveillance playing a role in the pathogenesis of MDS, we analyzed the cytotoxic capacity of T cells against autologous hematopoietic precursor cells. We selected 8 4 blasts at different effector to target cell ratios. After six hours of culture, apoptosis and secondary necrosis of blasts was determined by staining with CD34 and SYTO16/7AAD.
The CD8 + T cells of healthy donors showed no autologous cytotoxicity against hematopoietic precursor cells. In contrast, in 4 out of 8 patients, dose dependent autologous cytotoxicity, from 20% up to 90% when compared to the control sample could be observed (Figure 4) . However, MHC class I blocking did not abrogate cytotoxicity. As our effector populations were not pure CD8
+ T cells and consisted of various amounts of NK cells (6-21%), we performed additional experiments with samples in which NK cells were removed with CD16 microbeads. These experiments showed that removal of NK cells reduced cytotoxicity ( Figure 5 ). These findings, together with the observation that cytotoxicity against hematopoietic precursor cells was not MHC class I restricted, indicate that NK cells are responsible for at least a part of observed cytotoxicity.
The level of cytotoxicity seemed not to be related to WHO classification or IPSS (Table 3) . Patients who showed high levels of cytotoxicity were all transfusion dependent, whereas the 2 patients that showed no cyto- toxicity were not transfusion dependent. Regarding lymphocyte characteristics, highest levels of effector CD8 + T cells, granzyme B expression and most skewed TCR-Vβ repertoires were found in the patients with highest levels of autologous cytotoxicity.
In one patient (UPN 5), aberrant CD7 expression was demonstrated on all myeloid CD34 + blasts. It is highly likely that these CD7 + precursor cells represent a dysplastic clone in MDS. 27, 28 Consequently, cytotoxicity (30%) was directed against these aberrant hematopoietic precursor cells.
In conclusion, we demonstrated autologous cytotoxicity against hematopoietic precursor cells in low-risk MDS patients. Cytotoxicity was not MHC class I restricted, but at least partly NK cell dependent, as removal of NK cells reduced cytotoxicity.
Discussion
It remains unclear whether the altered immune status in MDS patients reflects predominantly undesired autoimmune reactions against normal hematopoietic precursor cells (such as in aplastic anemia) or effective immune-surveillance against dysplastic clones. Several groups have reported increased T-cell activation 6, 8, 29 and decreased NK cell function 13, 30 in MDS patients. We have set up this study to evaluate the immune status of lowand intermediate-risk MDS patients. First, to provide evidence for the existence of immune-surveillance and secondly to be able to monitor these immune responses upon treatment, since immune modulating drugs are emerging.
If immune-surveillance plays a role in the pathogenesis of MDS, tumor antigens could induce clonal effector CD8 + T-cell expansions with a cytotoxic phenotype. Indeed, when compared to healthy donors, we have found that MDS patients have significantly decreased percentages of naïve CD4 + and CD8 + T cells, significantly increased percentages of effector CD8 + T cells and NK cells with a high cytotoxic phenotype (as measured by the expression of granzyme B and perforin) and increased percentages of CD4 + and CD8 + T cells with a skewed TCR-Vβ repertoire, suggesting clonal T-cell expansion.
Regulatory T cells can counteract immune-surveillance in solid tumors. 31 We have demonstrated decreased frequencies of regulatory T cells and decreased FOXP3 expression (MFI) in CD4 + /CD25 high T cells of MDS patients when compared to healthy donors. It is possible that regulatory T-cell activation during progression to AML increases, as recent publications have reported higher levels of regulatory T cells in AML patients when compared to healthy donors 32 and higher levels in high-risk MDS patients when compared to low-risk MDS patients. 33 Most interestingly, up to 90% autologous cytotoxicity of effector cells against hematopoietic precursor cells could be demonstrated. We were able to show cytotoxic activity specifically directed against aberrant cells, strongly supporting the existence of immune-surveillance against (pre-)malignant hematopoietic precursor cells. Cytotoxicity was not MHC class I restricted but NK cell dependent, indicating that besides an activated status of the adaptive immune system, innate immune responses play a role in immune-surveillance of MDS. This is in contrast to previous studies demonstrating that NK cell killer function towards cell lines was decreased in MDS. 13, 30 Killer function towards autologous hematopoietic precursor cells was not tested in these studies. More research is needed to unravel the exact mechanism and activating NK cell receptors that are involved in the autologous cytotoxicity against hematopoietic precursor cells that we have observed in this study.
In this study, we have found an activated state of lymphocytes as evidenced by increased percentages of effector T cells, increased granzyme B expression in T cells and NK cells, increased numbers of T cells with a skewed TCR-Vβ repertoire, and decreased frequencies of regulatory T cells in MDS patients when compared to healthy donors. Moreover, we demonstrate NK cell dependent autologous cytotoxicity against aberrant hematopoietic precursor cells in vitro. The collaboration of innate and adaptive immune responses (via dendritic cell activation), which is well recognized in the defense against pathogens, also seems important in tumor immunology. 34 Our findings of an activated adaptive immune system combined with autologous killer function of NK cells supposes that this collaboration results in active immune-surveillance in MDS. Understanding the exact role of immune-surveillance in MDS is of importance as immune modulatory drugs are emerging in the treatment of low-and intermediate-risk MDS patients.
